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Abstract

Increasing levels of atmospheric carbon dioxide have been
hypothesized to cause future global warming as a result of an
enhanced "greenhouse effect.” Man is responsible for the
addition of carbon dioxide to the atmosphere through the burning
of fossil fuels and the removal of vegetation from the
continents. Future climatic changes caused by a global warming
are of governmental concern because of their economic impact., and
possible future restrictions on the use of fossil fuels are a
likely result.

It has been suggested that the carbonate system in the
oceans may act as a carbon dioxide sink by converting excessive
atmospheric carbon dioxide to dissolved ions. The role of the
oceans as a carbon dioxide sink has not been clearly established,
however.

A study of time variations of surface ocean carbon dioxide
levels is necessary to determine whether or not the oceans absorb
significant quantities of atmospheric carbon dioxide. Three
existing data sets are used to construct time variation studies
covering 9 and 15 year intervals.

The resulting comparisons show that oceanic carbon dioxide
levels do not consistently increase with time, although some
significant increases are noted. One comparison suggests that
the geographic location of local carbon dioxide sources and sinks
may by changing with time.” Studies covering a larger time
interval are necessary to establish more clearly the response of
the oceanic surface layer to increasing atmospheric carbon

dioxide levels.
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Introduction K
Man has been adding carbon dioxide to the atmosphere through >
fossil fuel burning and deforestation. Increased atmospheric 12
carbon dioxide levels have been hypothesized to cause future ‘
warming of the earth’s atmosphere. The role of the oceans with ;
respect to carbon dioxide is not clear, although it seems logical -
that the oceanic carbonate system may act as a carbon dioxide :3
sink for excessive atmospheric concentrations. This means that 72
the oceans could act to lessen the climatic effects of man’'s ‘q;
increased output of carbon dioxide. Eé
Some data exist that can be compared in a meaningful way as -
a first look at surface ocean carbon dioxide concentration Ex
variations with time. Two comparisons will be used to analyze N
the role of the oceans as a carbon dioxide sink, first between -
the years 1957 and 1972, and second, between the years 1963 and Lé
1972. ;‘
Historical background ' ;:
The question of possible climatic changes brought on by §§
increasing levels of carbon dioxide in the atmosphere has -
received much attention in the past three decades. Man has been o
adding carbon to the atmosphere at an increasing rate since the ;§
&fﬁ beginning of the industrial revolution around 1860, through the ‘
Ezii burning of fossil fuels (coal, oil, and natural gas) and through
Eﬁ; the removal of trees and Qegetation from the continents, called
',‘ deforestation. Fossil fuel burning releases carbon dioxide ‘a




E directly to the atmosphere, while deforestation removes an —

important carbon dioxide sink (photosynthesis)., so that both have

Sj the same effect on atmospheric carbon dioxide levels.
The fact that atmospheric carbon dioxide is increasing

. became apparent in the early twentieth century, and it was soon

hypothesized that the increase could result in a temperature rise

at the earth’'s surface brought about by an enhanced "greenhouse
;Z effect” (Revelle, 1982). Carbon dioxide alters the earth’s heat :
- balance by increasing the amount of thermal radiation retained in E:
;ﬁ the earth-atmosphere system. It acts as a one-way screen for ;
N solar radiation, allowing the incoming shortwave radiation to
~ pass tbrough to the surface, where it is absorbed and emitted as
m longwave, infrared radiation. Carbon dioxide molecules in the

K

atmosphere absorb a portion of this longwave radiation that would

3
I te

[)
i

otherwise freely escape to space. This absorbed thermal

v"

radiation is transferred to adjacent air molecules, which emit

heat in all directions. A portion of this emitted heat returns

to the earth’'s surface. The net result, then, i1s an increase in

S R A
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v

the total amount of radiation retained near the earth’s surface,

-
l' ‘l

LA Ao

caused by the molecular carbcn dioxide “screen” in the

- atmosphere. This process is known as the "greenhouse effect”
(Revelle, 1982). Atmospheric trace gases such as ozone, carbon
monoxide, nitrous oxide, and methane, as well as water vapor,
could also contribute significantly to future climate changes,

K since they have thermal absorption properties similar to those of

carbon dioxide (Clark, 1982, p. 257).
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In the years 1957-1958, during the International Geophysical
Year, a project was organized by Charles Keeling to monitor
atmospheric carbon dioxide at two sites: Mauna Loa, Hawaii, and
the South Pole. The data recorded at these sites since that time
show an exponential increase in carbon dioxide levels, reaching
an annual rate of increase of 1.4 ppm per year by the late
1970’s. This increase provides convincing evidence of the
influence of fossil fuel burning and deforestation on the
chemistry of the atmosphere (Revelle, 1982).

The trend displayed by Keeling's data sparked a great deal
of interest in predicting possible future climate changes.
Mathematical models based on a variety of assumptions have been
developed as prediction tools to estimate the average global
temperature rise that can be expected from continued carbon
dioxide increases. A recently emerging consensus estimates that
the average atmospheric surface temperature will increase by 2 to
3 degrees C due to a doubling of current carbon dioiide
concentrations (Clark, 1982, p. 4). The hypothesized effects of
this predicted increase include changes in regional agricultural
patterns, changes in rainfall, and a rise in the global average
sea level brought about by a combination of partial melting of
the ice caps and thermal expansion of ocean waters. It is
apparent, then, that the effects of increasing carbon dioxide are
economically significant and thus deserve careful attention to
determine what can be done to lessen the severity of problems

caused by a changing climate.
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As more is learned about possible adverse effects of carbon
dioxide on climate, government policy will attempt to limit the
use of fossil fuels and promote alternative energy sources. The
U. §. Navy 1is a major consumer of fossil fuels and will be
affected by policies limiting their use in the future. Navy
vessels and shore installations world-wide are currently
dependent on fossil fuels as a primary energy source, and this
dependency illustrates the need for advanced research to discover
alternative sources for the Navy of the future. The ad- e
effects of fossil fuels on the environment make contin
development of ships, aircraft, and shore facilities p .¢ >d by
these fuels unwise. New systems using alternative energy sources
must be explored and developed in order to maintain the
operational flexibility that the Navy requires. Government
regulation of the Navy’'s fossil fuel systems could result in
reduced defense capabilities. Proper planning tfor the eneray
requirements of the future will enable the Navy to ﬁaintain its
current level of operational readiness.

Carbon in the environment

The carbon cycle utilizes four major resevoirs: the
atmosphere, the oceans, land and aquatic biota, and the rocks and
sediments. The cycle describes the distribution of carbon in the
environment and the processes affecting its transfer between the
various resevoirs. An inérease in the atmospheric concentration

of carbon dioxide will necessarily affect carbon distribution in
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the other resevoirs as well, although the exact relationships are
not well understood. It has been hypothesized that, over a long 7’
period of time, the carbonate. system in the oceans will act as a 2

sink for carbon dioxide (SCOR Working Group 62, 1980).

The role of the oceans as a sink for fossil fuel carbon :}
dioxide has not been clearly established, and there is a need for
additional surface ocean water carbon dioxide concentration data
on a global scale. Charles Keeling (1968) provides a list of all
sources of carbon dioxide partial pressure (pCOz) data available
at that time. Since then, the GEOSECS program (1972-1973) has : ‘;
provided a large volume of additional data (Bainbridge, 1981), :
and other isolated research vessels have made measurements as E;
well. -

Currently, very little work has been done in studying time 1
variations of surface water pC02 values. Louis Gordon and his jﬁ
colleagues (1973) studied pCO2 variations in the north Pacitic -;
Ocean over a period of S months, from October 1968 ﬁo March 1969. 53
Matthias Buchen (1971) compared data collected along 30 degrees o~
west longitude in the Atlantic Ocean in 1933, 1968, and 1969. -
Generally, this comparison shows an increase of pCO2 with time, fi
although the comparability of the data is questionable, since the ‘:
measurement techniques used in 1968-1969 were not available in 53
1933, so that the data sets not only vary in time but also in ~
analytical method. N

It would be of interest to compare pCO2 data collected over _}ﬁ
a period of several years, so that long-term variations for a
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specific region could be determined. Several factors affect pCO2
Of surface waters, including temperature, barometric pressure,
biological activity, and geographic location. All of these
factors should be considered in a time comparison of pCO, data.

2
In order to study time variations of surface water carbon

 dioxide levels, two data sets spanning an interval of at least 8

to 10 years must be collected for the same geographic location.
Although the data coverage of the world’‘s surface waters is
currently not extensive, there are some data that overlap
geographically and facilitate a meaningful study of changes in
surface water carbon dioxide concentrations with time. Data from
the Lusiad Expedition in 1963 (Keeling and Waterman, 1968) and
from the Vema cruise in 1957-1958 (Takahashi, 1961) can be
compared with GEOSECS data collected in 1972 (Bainbridge, 1981)
for certain regions of the central and south Atlantic Ocean. A
comparison of this type would offer valuable insight into the
role of the oceans in the global carbon cycle. It Qould also
provide physical evidence to help determine whether or not the
oceans act as a sink for excess atmospheric carbon dioxide. This

paper will attempt to provide such a comparison.

Carbon dioxide partial pressure data

The research vessel Vema collected pCO2 data in the Atlantic

Ocean region as part of an International Geophysical Year program

in December-February, 1957;58. A portion of the vessel’s track

T
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off the eastern coast ot South America is represented by a dashed

line in Figure 1.

Takahashi (1961) presen‘ ~d the data collected by the Vema
along the track shown in Figure 1. His work gives detailed
explanation of the measurement and calibration techniques used.
Continuous pCO2 measurements were made using an infrared gas
analyzer, which detects carbon dioxide through its absorption of
infrared energy. HWater samples are allowed to equilibrate with a
volume of air which is free from other infrared absorbers. The
CO2 concentration of the air is then measured with the infrared

analyzer. After equilibration, this measurement also represents

the pCO, value of the water sample.

2

In October-December 1972, as part of the Geochemical Ocean
Sections Study (GEOSECS), carbon dioxide partial pressure data
were collected along a track that was geographically very close
to the 1957-58 Vema track discussed above. Continuous pCO,
measurements were again made using infrared analysié. The
GEOSECS track is represented by a solid line in Figqure 1, and the
resulting data are presented in atlas form by Arnold Bainbridge
(1981).

A comparison of the Vema cruise data and the GEOSECS data is

presented in Figure 2. Each curve represents the variation of
surface ocean carbon dioxide partial pressure (in parts per

million) with latitude. The Vema cruise data are presented as

average values for ten degree latitude bands, and the bracket

notation is used to represent error ranges expressed by Takahashi
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= _ — — — — — R/V Vema (1957~1958)
‘ R/V Argo, Lusiad Expedition (1963)
GEOSECS (1972)

Figure 1 - Tracks of vessels involved in surface ocean
pCO, data collection
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in his report of the data. The resulting comparison shows the

! variation of pCO2 in the surface ocean water for this geographic

Pl

location between 1957-58 and 1972.
A similar time variation comparison can be made between the
GEOSECS data and data collected during the Lusiad Expedition in

July, 1963. A partial track of the research vessel Argo.

RN ]
N

assigned to the Lusiad Expedition, is shown as a dotted line in
Figure 1. The GEOSECS and Lusiad tracks cover the same

¢
q
N
N
§;
q

geographic region of the central Atlantic, although the two are
offset slightly. The Argo collected continuous pCO2 data alona
the track using an infrared analysis technique similar to the one
- discussed above. The Lusiad Expedition’'s data were published by
- Keeling and Waterman (1968).

Figure 3 represents a comparison of the Lusiad Expedition
data with the GEOSECS data for the central Atlantic Ocean. Each
data curve represents the variation of surface ocean carbon
dioxide partial pressure (in parts per million) with longitude.
By comparing the data curves, the variation of pCO2 in the
surface ocean water for this region of the Atlantic between 1963
~ and 1972 can be determined.

Analysis of the comparisons

x In comparing surface ocean carbon dioxide concentration

Yol €

data, it is important to keep in mind the factors that affect

TR

E v pCO2 in sea water. These. factors are variables that directly
N influence the local carbon dioxide concentration in surface
L
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waters, and they must be considered in making a time interval E
analysis of different data sets. !

The complexity of the carbonate system in the oceans makes ﬂ

it impossible to consider all possible factors that influence &
carbon dioxide levels in the oceans. There are, however, five ;

i | significant variables that must be considered in studying time 5
. variations of surface ocean pCOz. Since these factors are E

primarily seasonal in their variation, they become important in

IR 4 >~ p ]
R .
PP .
N -

comparing data sets that were collected during different months

of the year.

i O

The five factors to be considered are surface water

temperature, barometric pressure, vertical mixing, biological

LA AL AL LA S S

i activity, and local atmospheric carbon dioxide concentrations.
Since information about the effects of these factors was not

"¢ published with the data, an assumption must be made about their

influence on pCO2 values over the time interval studied. It is

logical to assume that the variation of these factors is

seasonally dependent, so that some consideration of their

A
RN ™

[ relative effects on pCO2 values can be made by noting the month
T - or months over which the data were collected. This will
. facilitate a generalized consideration of the effects of

g < environmental changes that occur in the atmosphere and in the

surface ocean water with time.

In addition to considering environmental changes with time, R

three assumptions must be made concerning differences in the ;

collection of the three data sets beinag compared.
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First, it is assumed that the measurement techniques used to
collect each data set are directly comparable. Since Keeling was
consulted by Takahashi prior to the Vema cruise, the infrared
analysis procedures used by the Vema and the Lusiad Expedition
are similar. Takahashi was involved in the GEOSECS data
collection as well, so that Keeling’'s influence is present in all
three data sets, and the measurement systems all use the intrared
technique.

Second, it must be assumed that the surface layer is
well-mixed with respect to dissolved carbon dioxide between 1
meter and 15 meters of depth. This assumption is necessary
because there is no control over the sample depths used in
collecting each data set. Some of the GEOSECS data were
collected at a depth of 15 meters, so that a direct comparison
between the data sets suggests a homogenous surface layer
extending to this depth. No data were collected above a depth of
1 meter, where the greatest vertical variation in péo2 exists
(due to contact with the atmosphere and wave action), so that
this assumption is at least plausible.

Third, it is assumed that the ship‘’s tracks being used for
data comparison represent the same geographic location. Figure 1
shows that this is not exactly the case, since both comparisons
use tracks that are slightly offset from each other. The
comparisons were constructed so as to minimize the amount ot

offset in order to get as much overlapping data as possible.
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. Currently, no exact geographic overlapping exists among pCO2 data
sets, so that this is a necessary assumption.
N The comparison shown in Figure 2 does not show a consistent

increase in surface ocean pCO2 with time. The Vema data were

- collected in December and January and the GEOSECS data were

.. | collected in November, so that little seasonal influence should
be evident in the comparison. Environmental effects on pCO2

:5 should therefore be minimal in this case. The lower latitudes do

B reflect an increase in pCO2 with time, but this trend shifts

ii below 20 degrees South, where a decrease of pCO2 with time is

- evident. This comparison suggests that the ocean does not act as

- a significant carbon dioxide sink, since carbon dioxide
i concentrations do not consistently increase with time.

It is interesting to note, however, that the data trends for
- each curve are the same below 20 degrees South. Each curve
displays a decrease in pCO2 with increasing latitudg. The fact
that the similar trends are offset by almost 7 degrees of
latitude indicates that the location of the water masses may be
shifting with time.  Between 1957 and 1972. it is possible that
water masses having similar chemical properties shifted northward
by approximately 7 degrees, due to changes in ocean circulation.
. Figure 2 indicates that this may be the case when carbon dioxide
: concentrations are observed.

In contrast, Figure 3 shows a consistent increase in surface
?f ocean pCO, with time. The Lusiad Expedition data were collected

in July and the GEOSECS data were collected in November, so that
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some seasonal influence could be displayed in a comparison of the

data. The geographic location of the measurements, however, is
predominantly equatorial, as shown in Figure 1, so that seasonal
variations of the environmental factors in this region will be at
a minimum. The significance of seasonal inftluence in a
comparison of equatorial data is therefore reduced., since the
impact of the seasons on the equatorial regions is comparatively
smaller that that on the mid-latitude regions.

The consistent trend of increase in pCO, displayed by Figure

2
3 suggests that the oceans do act as a significant sink for
excessive atrospheric carbon dioxide. The magnitude of the
increase is not constant with respect to longitude, which
indicates the patchy nature of carbon dioxide distribution in the
surface layer. The comparison shows an approximate increase in

pCO, of 10-20 ppm over a period of 9 years.

2
Conclusions

The two data comparisons presented do not provide convincing
evidence to indicate that the oceans act as a sink tor excessive
atmospheric carbon dioxide. A consistent increase in surface
ocean pCO2 is not evident in both data comparisons, although
Figure 3 does show such a trend. A greater number of time
comparisons are necessary to clearly establish the role ot the
oceans in carbon dioxide uptake.
Since Keeling’s atmospheric data show an annual increase in

atmospheric carbon dioxide of only about 1 ppm per year for the
decade being studied (Revelle, 1982), it may not be possible to
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observe a definite trend of increase for such a short time
period. Oceanic uptake of atmospheric carbon dioxide is a
comparatively slow process, and a total atmospheric increase in
carbon dioxide of 10-15 ppm ror the interval studied may not be
detectable in a comparison of surface ocean pCO, values.

2
It is possible that the geographic location of local carbon

dioxide sources and sinks may be changing with time. Figqure 2
shows an offset of approximately 7 degrees of latitude that
indicates such a shift in pCO2 distribution. If this is the

case, time interval pCO, studies of the same geographic location

2
may not be as meaningful as studies that compare pCO2 values for
the same water mass, regardless of its specific geographic
location. If shifting water masses can be tracked and observed
with time, a determination of their changing carbon dioxide
concentrations can be made. This determination would provide
information about the oceans role in the carbon cycle.
In order to more completely understand the reséonse of the
oceans to increasing atmospheric carbon dioxide levels, longer
time-interval studies of surface water carbon dioxide
concentration are necessary. The comparisons made here use a
time interval of 9-15 years, which is not sufficient to indicate
clear trends in oceanic response. As more data are collected,
longer time-interval comparisons can be made.
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